Abstract Steep vegetation-free talus slopes in high mountain environments are prone to superficial slope failures and surface erosion. Eco-engineering measures can reduce slope instabilities and thus contribute to risk mitigation. In a field experiment, we established mycorrhizal and nonmycorrhizal research plots and determined their biophysical contribution to small-scale soil fixation. Mycorrhizal inoculation impact on plant survival, aggregate stability, and fine root development was analyzed. Here we present plant survival (n total = 1248) and soil core (n total = 108) analyses of three consecutive years in the Swiss Alps. Soil cores were assayed for their aggregate stability coefficient (ASC), root length density (RLD), and mean root diameter (MRD). Inoculation improved plant survival significantly, but it delayed aggregate stabilization relative to the noninoculated site. Higher aggregate stability occurred only after three growing seasons. Then also RLD tended to be higher and MRD increased significantly at the mycorrhizal treated site. There was a positive correlation between RLD, ASC, and roots <0.5 mm, which had the strongest impact on soil aggregation. Our results revealed a temporal offset between inoculation effects tested in laboratory and field experiments. Consequently, we recommend to establish an intermediate to long-term field experimental monitoring before transferring laboratory results to the field.
Introduction
Earth surface erosion and superficial slope failures are omnipresent in mountain systems. Typical features are shallow mass movements on vegetation-free, steep slopes where Leptosols occur. Climate change raises the likelihood of torrential rain [Frei et al., 2006] , therefore the frequency and magnitude of surface erosional processes and superficial slope failures [Crozier, 2010] . The consequence is a higher damage potential for infrastructure and society [Keiler et al., 2010] . Eco-engineering measures, as link between civil engineering techniques and ecological principles to assess, design, construct, and maintain vegetation systems, might provide a suitable response to the emerging need for sustainable risk mitigation strategies [Stokes et al., 2014] .
Site-adapted and well-developed plant systems reduce splash erosion, diminish overland flow, and hence reduce water erosion [e.g., Zuazo and Pleguezuelo, 2008] . Root systems control soil hydrological, mechanical, and chemical properties and support soil microbial abundance and diversity [Gyssels et al., 2005; De Baets et al., 2007; Zuazo and Pleguezuelo, 2008; Haichar et al., 2014; Stokes et al., 2014] . Roots influence soil aggregate stability, and in turn soil shear strength [Fattet et al., 2011] , which is essential for assessing, calculating, and modeling the stability of slopes [Pollen and Simon, 2005; Mao et al., 2013b] . Especially, fine roots reinforce the soil by increasing apparent cohesion, in particular when they traverse potential shear surfaces [Stokes et al., 2009] . To quantify these root effects, root length density (RLD) is commonly used [Stokes et al., 2009] . Mummey, 2006; Tisdall et al., 2012] . However, mycorrhizal fungi are rarely present in coarse-grained vegetation-free soils of young landslides [Amaranthus and Trappe, 1993; Azcón-Aguilar et al., 2003] .
A number of surveys have shown the positive effects of eco-engineering measures on hillslope and soil aggregate stability in degraded high mountain environments [e.g., Stangl, 2007; Burri et al., 2009; Graf et al., 2009; Bischetti et al., 2010] . By contrast, only a few studies addressed the effect of mycorrhizal inoculation on aggregate stability as component of eco-engineering efforts [Graf, 1997; Beglinger et al., 2011; Graf and Frei, 2013] . Based on glasshouse experiments, these investigations identified an increase in aggregate stability and fine root development within a few months. On the contrary, Bast et al. [2014] demonstrated that on an alpine slope, mycorrhizal inoculated saplings did not have any additional effect on soil aggregate stability within 4 months.
Assuming that mycorrhizal inoculation under field conditions only produces significant effects in the longer run, we aimed to determine whether a commercial mycorrhizal inoculum enhances plant survival rates, aggregate stability, and fine root development in an eco-engineering field experiment during three consecutive growing seasons (2010) (2011) (2012) . We investigated 2400 planted saplings on two test sites located on a slope in the eastern Swiss Alps. One of the two test sites was treated with a commercial mycorrhizal inoculum to test if (i) mycorrhizal inoculation accelerates the positive hedge layer effect on aggregate stability, (ii) plant survival and fine root development will be stimulated by the inoculation, and (iii) the stimulated root development in turn influences aggregate stability positively.
Materials and Methods

Research Site
The study was conducted in the Arieschbach catchment, municipality of Fideris in the eastern Swiss Alps (Figure 1a) , where suboceanic conditions with mild winters and temperate summers characterize the climate [Ott et al., 1997] . Mean annual air temperature is 4.6°C, and the average annual sum of rainfall is 1170 mm (period 1961 to 1990) , estimated with the Daymed software [Thornton et al., 1997; Bast et al., 2014] . Quaternary sediments, derived from glacial and/or gravitative processes, cover the bedrock consisting of Prättigau flysch. The sediments provide the parent material for the dominating Cambisols, Luvisols, and Regosols [IUSS Working Group WRB, 2006] under a fir-spruce forest, which is the natural vegetation type in the catchment.
The experimental research plots were established on the east-northeast exposed Patjänja Rüfe (46°53′ 43.41 N, 9°44′30°E) (Figure 1b) , an instable and erosion-prone, 37°-50°inclined hillslope, ranging between 1220 and 1400 m above sea level (Figure 1b) . The occurring soil is a skeletic Leptosol [IUSS Working Group WRB, 2006] . Before the experiment was implemented, soil texture analyses were performed ( Figure 1d and Table 1 ) [Bast et al., 2014] . On average 79% of the soil particles were larger than 2 mm (Table 1) , and all soil samples were classified as poorly graded gravel with silt (GP-GM) [ASTM-D2487-00, 2000 . Vegetation is sparse, restricted to local spots, and formed by pioneer plants (e.g., Tussilago farfara L. and Saxifraga aizoides L.).
Experimental Setup and Sampling Design
In May 2010, two sites (10 m × 32 m each) were stabilized with hedge layers (Figure 1b) . At each site, a walking excavator dug 15 small terraces of 10 m length and approximately 0.5 m depth into the slope. At the bottom of these, four saplings of alder (Alnus viridis (CHAIX) DC. and Alnus incana (L.) MOENCH.), two of willow (Salix purpurea L., Salix spp.), and one further tree and shrub species ( Figure 1c) were planted per running meter resulting in a total of 1200 saplings per site. At one of the two sites 40 mL of a commercial mycorrhizal inoculum (INOQ Forst) was added to the roots of each sapling [Bast et al., 2014; INOQ GmbH, 2014, www.inoq.de/ downloads/Forest_e.pdf] . In the following, the stabilized, mycorrhizally treated site is referred to as sm, the stabilized nonmycorrhizally treated site to snm. A site of the same size (10 m × 32 m) next to the two treated sites serves as control (c) and reflects natural, unstabilized conditions. In total, the experimental site is covering an area of approximately 1000 m 2 . For sampling and further statistical analysis, the control and each treated site were split into three research plots (I-IX) (Figure 1d ). A 2 m buffer zone around each test site was used to reduce edge effects (Figure 1d ). 4 0 5 4 6 5 3 3 4 2 5 9 4 9 ± 5 Clay (g kg À1 ) 1 6 1 6 3 1 1 0 2 2 1 9 1 9 ± 3 Figure 1c an assortment of eight saplings per running meter was used (for plant rows see Figure 1d ). (Figure 1d ), resulting in a total of 108 soil samples. In 2010, sampling points were randomly chosen within a distance of 30-50 cm uphill a green alder (Alnus viridis (CHAIX) DC.) ( Figure 1e ). In 2011 and 2012, the same locations were revisited. Soil cores were extracted with a HUMAX probe and a 5 kg sledge hammer ( Figure 1e ) [Bast et al., 2015] . Samples were directly pushed in a PVC plastic tube (length = 25 cm, diameter = 5 cm) to extract an undisturbed soil core (Figure 1e ). Sampling was possible up to a maximum length of 20 cm due to the coarse texture of the experimental site. If cores were shorter than 16 cm, only the first 10 cm were analyzed. The soil core samples were kept in a cold storage room at 3.5°C until further processing.
From July 2010 to September 2012, temperature was logged once every 60 min, and volumetric water content (VWC) is triplicated every 60 min at a depth of 10 cm (Figure 1d ) using the Decagon sensors EC-5 and 5TM (Decagon Devices Inc., 2014, http://www.decagon.com/products/). For each growing season and dormant period, respectively, statistical key figures were computed and graphically explored ( Figure 2 ). Growing season was defined as the period between the date at which the diurnal mean soil temperature at 10 cm depth exceeds and dropped below 3.2°C [Körner and Paulsen, 2004] .
Plant Survival
Plant survival was determined on the six research plots (plots IV-IX) of the treated sites at the end of each growing season by counting all living plants. The research plots did not include the buffer zone ( Figure 1d ). As a consequence, the number of originally planted individuals in the analyzed research plots was 624 per test site.
Soil Aggregate Stability Measurements
Aggregate stability was expressed by an aggregate stability coefficient (ASC), ranging from 0, reflecting complete dispersion during the test, to 1, indicating a totally stable sample [Bast et al., 2015] .
Soil cores were detached from the plastic tubes and cut into two parts of approximately 10 cm length ( Figure 1e ). Both subsamples were placed consecutively on a sieve having a mesh size of 20 mm. The sieve 
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was centered in a drainable pail, which was rapidly filled up with tap water until the sample was completely covered. After 5 min of slaking, the water was drained. Soil material, trapped within the sieve, as well as the material that passed the sieve, was flushed into bowls and left for sedimentation. After 24 h water was sucked off, the remaining material was dried for 24 h at 105°C and thereafter weighed. To correct for stone content, stones larger than 20 mm were removed and weighed separately.
ASC was determined as the proportion of the mass of the soil material trapped by the sieve to the mass of the total soil sample, whereas the mass of the stones was subtracted for stone correction. The average of the two subsamples was calculated in order to express the ASC of the 0-20 cm depth layer.
Root Measurements
Before the bowls were left for sedimentation, roots were extracted, rinsed, and scanned [Bast et al., 2014] to quantify root length and diameter with WinRHIZO [Régents Instruments Inc., 2003] . Root length density (RLD) was determined by summing up root lengths of the sample and dividing this value by the volume of the corresponding soil cylinder. RLD of the roots was grouped into four root diameter classes [Pohl et al., 2009] : very fine roots (<0.5 mm), fine roots (≥0.5-<1.0 mm), fibrous roots (≥1.0-<1.5 mm), and coarse roots (≥1.5 mm). Root diameter was expressed as mean root diameter (MRD).
Statistical Analysis
All statistical analyses were performed with R, version 3.0.2 [R Core Team, 2013] . Kaplan-Meier survival analysis was performed to illustrate and test the inoculation effect on plant survival. The Kaplan-Meier estimator is a nonparametric maximum likelihood estimate of the survival probability S(t) [Kaplan and Meier, 1958; Tableman and Kim, 2003] . S(t) for any particular sapling of the time period t is specified by the number of saplings at risk (n i ) at the beginning of a time period t i and the number of saplings (d i ), which died during the time period t i (equation (1)) [Tableman and Kim, 2003 ]:
Based on the Kaplan-Meier estimate, the difference between the survival curves of the two treated sites was tested by using the Mantel-Haenszel test [Harrington and Fleming, 1982] . Survival analysis was implemented with the R package survival [Therneau, 2014] .
To detect treatment effects on ASC, RLD, and MRD within the growing seasons, linear mixed effect models were applied [Bast et al., 2014] . The factor plot was used as random effect in random intercept models. ASC, RLD, and MRD were used as response vectors for observations and treatment (sm and snm) and control (c) as fixed effects. Tukey's HSD (honestly significant differences) was applied to test a posteriori contrasts with the R package multcomp [Hothorn et al., 2008] , which allows a multiple comparison in mixed models by estimating a variable following an asymptotic multivariate normal distribution and a consistent estimate of its covariance matrix [Hothorn et al., 2008] .
The influence of RLD, MRD, and the root diameter classes on ASC was also tested by linear mixed effect models by setting up random intercept slope models [Zuur et al., 2009] . The random part of the models included Table 2 .
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both plot and year. Year was nested in plot. In a first model (mod 1), ASC was used as response variable, whereas RLD, MRD, and the interaction RLD:MRD were fixed factors. Since a significant interaction prohibited the interpretation of the main effects, two separate models for RLD (mod 2) and MRD (mod 3) were implemented. In a last model (mod 4), the effects of the root diameter classes were identified.
Tukey's first aid transformations were used to meet the model assumptions [Tukey, 1957] . Hence, ASC was arcsine square root, RLD, and MRD and the RLD of the root classes very fine roots and fine roots were log transformed. Since RLD of the classes fibrous roots and coarse roots includes zero values, its RLDs were logst transformed; i.e., small and zero observations are modified to gain finite values for a subsequently applied log 10 transformation [Stahel, 2011] . Residual analyses were performed to ensure model quality. All linear mixed effect models were conducted with the R package nlme [Pinheiro et al., 2014] .
Lowess smoothers, based on a robust locally weighted regression, were used to visualize the relation between ASC and RLD, as well as between ASC and MRD [Cleveland, 1979] . ASC was arcsine square root transformed, and RLD and MRD were log transformed.
Results
Plant Survival
Kaplan-Meier analysis showed that plants at the sm site achieve significantly greater survival probabilities than at the snm site (Figure 3) . In September 2010, survival probabilities were about 70% (436 living saplings) at the sm site and about 43% (271 living saplings) at the snm site. Relative to this, in the following two growing seasons mortality at both sites was minor. Between September 2010 and 2011, further, 27 saplings died back at the sm site and 37 at the snm site, and between September 2011 and 2012, 23 versus 28 saplings died back at the sm and snm sites, respectively. Hence, survival probabilities were 66% (September 2011) and 62% (September 2012) at the sm site versus 38% (September 2011) and 33% (September 2012) at the snm site.
Soil Aggregate Stability
In September 2010, ASC was 17% higher at the sm and 45% higher at the snm, compared to the c site ( Figure 4a ). However, only the difference between the snm and c sites was significant (Table 2) . In September 2011, the order changed: ASC was 247% higher at the sm, and 108% higher at the snm compared to the c site. The difference between the sm and c sites was significant (Table 2) . At the end of the third growing season, in September 2012, ASC showed significant differences between the two treated sites as well as between each treated and the c site (Table 2 ). Compared to the c site, ASC was 162% higher at the sm site and 81% higher at the snm site, respectively. ASC was 45% higher at the sm site than at the snm site. ASC was lowest in September 2011 of the three observation years at all three study sites (Figure 4a ).
Fine Root Development
In September 2010, there were no significant differences in RLD among the sites although both the sm and snm sites tended to have higher RLD values ( Figure 4b and Table 2 ). In September 2011, RLD was 167% 
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higher at the sm and 101% higher at the snm compared to the c site. The difference between the sm and c sites was significant (Table 2) . In September 2012, RLD was significantly higher at the sm (316%) and the snm (182%) compared to the c site ( Table 2 ). The temporal development of RLD showed a decrease in September 2011 at the c, sm, and snm sites (Figure 4b ).
In September 2010 and 2011, MRD did not differ significantly among the sites ( Figure 4c and Table 2 ). However, the sm site tended to show increased MRD values. In September 2012, MRD at the sm site was significantly higher than at the snm (22%) and the c sites (33%) ( Table 2 ). Compared to September 2010 and 2012, in September 2011 MRD was lower at the c, sm, and snm sites ( Figure 4c ).
As indicated by the average MRD (Figure 4c) , most of the roots can be classified as very fine roots. From September 2010 to 2012, the mean proportion of RLD of the very fine roots related to the entire RLD exceeded 93% (Table 3 ). The proportion of RLD of the fibrous roots and coarse roots was negligible. RLD of the fine roots at the sm site (2010: 5.1%; 2012: 3.1%) was slightly higher in September 2010 and 2012 compared to the snm (2010: 3.7%; 2012: 2.8%) and c sites (2010: 3.8%; 2012: 1.8%).
Relationship Between Fine Roots and Aggregate Stability
There was a significant positive correlation between RLD and ASC, as well as between MRD and ASC, respectively ( Figure 5 ). RLD (mod 2) and MRD (mod 3) had a significant influence on ASC (Table 4) . As visualized by the lowess line smoothers, at the sm site, ASC was consistently higher and had a smaller variation compared to the snm and c sites seen over all 3 years ( Figure 5 ). Furthermore, RLD at the sm site showed a smaller variation than the snm and c sites (Figure 5a ). Samples with a lower MRD showed a higher ASC at the sm site (Figure 5b ). Portioning the RLD into the different diameter classes (mod 4) reveals that only the very fine roots had a significant effect on ASC (Table 4) , whereas the three other groups did not significantly influence ASC (Table 4) .
Discussion
The Effect of Eco-Engineering and Mycorrhizal Inoculation on Aggregate Stability
In our study, 4 months after the establishment of the hedge layers ASC increased (Figure 4a ) confirming previous reports of fast responses from laboratory studies, where nonmycorrhizal treated plantlets of pot experiments were tested [e.g., Graf and Frei, 2013] . The finding that ASC increased faster at the snm than at the sm site was surprising because the literature suggested the contrary. A number of laboratory and glasshouse experiments with plant-specific mycorrhizae suggested a significant increase in aggregate stability within 4 to 5 months after mycorrhizal inoculation [Beglinger et al., 2011; Graf and Frei, 2013] . In our study, we were not able to confirm these findings within a period of 4 months when using a commercial mycorrhizal inoculum, cultivated for forest applications. However, after 3 years, mycorrhizal inoculum indeed increased ASC significantly ( Figure 4a and Table 2 ). Differences between laboratory and field experiments can also be expected on the basis of the study of van de Voorde et al. [2012] who reported that preparing the soil and the inoculum in the laboratory has a strong influence on the observed plant-soil effect. Our results suggest that the effect of mycorrhizal inoculation establishes later in the field than in laboratory/glasshouse experiments and caution is advised against the untested transfer of slope stabilization methods from the laboratory/glasshouse to the field scale.
The Effect of Mycorrhizal Inoculation on Plant Survival and Fine Root Development
RLD showed a similar temporal and treatment-related development as ASC (Figure 4b ). After three growing seasons, RLD was significantly higher at the treated sites than at the control site ( Figure 4b and Table 2 ). This is in line with findings of Burri et al. [2009] who demonstrated that RLD of a 25 years old eco-engineered measure on morainic material of a mountain torrent catchment was 6 to 10 times higher compared to an untouched control.
Although there is no significant difference between the two test sites, the mycorrhizal treated specimens tended to show a higher RLD, however, with considerable variation (Figure 4b and Table 2 ). It has been shown in many studies and for many host plants that arbuscular and ectomycorrhiza stimulated root growth [Smith and Read, 2008] . For eco-engineering, this was also demonstrated in laboratory experiments. Alnus incana (L.) Moench grows in sieved (≤10 mm) morainic soil material and inoculated with the mycorrhizal fungus Melanogaster variegatus s.l. produced within 20 weeks more than twice the RLD compared to a Bold facetype indicate significant levels (P ≤ 0.05). RLD: root length density. MRD: mean root diameter. RLD.veryfine: ratio between RLD of the class very fine roots (<0.5 mm) and RLD. RLD.fine: ratio between RLD of the class fine roots (≥0.5-<1.0 mm) and RLD. RLD.fibrous: ratio between RLD of the class fibrous roots (≥1.0-<1.5 mm) and RLD. RLD.coarse: ratio between RLD of the class coarse roots (≥1.5 mm) and RLD. log: transforms the data by natural logarithm. logst: transforms the data by a logarithm with base 10 and modifying small and zero observations, yielding in finite values. Note that interaction terms of mod 4 are not listed since none of the 26 interactions were significant (P > 0.05).
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noninoculated samples [Graf and Frei, 2013] . On the field experimental scale, even after 28 months, we could not find evidence for a similar effect.
The discrepancy between the laboratory and the field experiment might be explained by the finding of Poorter et al. [2012] , indicating that root development depends on the space available for root spread and thus on the size of pots used in laboratory experiments. Consequently, differences in the available rooting space between laboratory and field experiments might have caused different responses to mycorrhizal inoculation.
Nevertheless, plant survival probability was about twice as high at the sm site compared to the snm site at the end of the first growing season (Figure 3) . Experiments in tree nurseries and agriculture have demonstrated that the colonization by different mycorrhizal fungi increases water and nutrient uptake of the host plants, which results in better growth and higher survival rates [Jakobsen et al., 1994; Berta et al., 1995] . In our study, we found a significantly higher survival rate but no significant increase in RLD at the sm site than the snm site (Figures 3 and 4b) . Species-specific differences of alder, willow, and other species were not considered since it was not possible to disentangle the fine roots within the soil cores and assign them to their corresponding sapling.
At the end of the third growing season, MRD was significantly higher at the sm than at the snm and c sites, without a significant difference in MRD between the two latter ( Figure 4c and Table 2 ). These differences were also reflected in the mean contributions of the four diameter classes to total RLD. An alteration of the root diameter in response to mycorrhization was already reported by several authors. A study on myrobalan (Prunus cerasifera L.) revealed that inoculation with the mycorrhizal fungus Glomus intraradices increased the diameter of primary, secondary, and tertiary roots significantly [Berta et al., 1995] . The mycorrhizal infection of leek (Allium porrum L.) resulted in a more branched root system, containing shorter branched adventitious roots of larger diameter [Berta et al., 1993; Atkinson et al., 1994] . Also, Fan et al. [2011] stated that inoculation with the fungus Glomus irregulare significantly changed the root morphology of three strawberry varieties (Fragaria sp.) and increased the length of roots with a greater diameter.
The alteration of the root system architecture by the mycorrhizal inoculation can be interpreted by a different behavior in nutrient acquisition and water uptake. The mycorrhizal fungi contribute to an increased nutrient and water uptake from the soil by extending their extraradical hyphae [Atkinson et al., 1994; Allen, 2007; Smith and Read, 2008] , and the host plants do not have to forage farther away into the soil by fine roots. Rousseau et al. [1994] stated that external mycelium comprised up to 75% of the uptake potential of 8 week old loblolly pines (Pinus taeda L.). After the root tips were infected by mycorrhiza, their linear growth ceased [Shishkova et al., 2008] , resulting in a lower RLD per individual, while secondary root growth continued [Shishkova et al., 2008] , leading to an increased MRD. Furthermore, the improved nutrient and water uptake may contribute to higher plant survival rates. Therefore, we suggest that the tendency of the increased RLD at the mycorrhizally treated site is driven by the increased number of individuals which survived.
Secondary growth and the associated increase in (fine) root thickness produces advantages for plant survival: thicker roots are an indicator of root longevity as well as bending stiffness, potentially promoting soil penetration [Stokes et al., 2009] . The longevity of thicker roots, and by consequence the reduction of turnover, can result in an increased likelihood that the roots will be further colonized by a mycorrhizal fungus [Reinhardt and Miller, 1990] . Even fine roots can store starch as well as nutrients, and the bigger the diameter, the more important this function is [Danjon et al., 2013] . When the photosynthesis rate is not sufficient, the stored starch can be used for root growth in times of low supplies, like early spring or winter season [Danjon et al., 2013; Mao et al., 2013a Mao et al., , 2013b .
The Relationship Between Fine Roots and Aggregate Stability
A significant influence of RLD on ASC (Figure 5a ) was reported in several previous studies [e.g., Pohl et al., 2009; Fattet et al., 2011; Graf and Frei, 2013] . Mycorrhizal inoculation had a significant influence on ASC at the end of the third growing season (Figure 4a ). For the aggregate size class with an equivalent diameter of 1-2 mm a correlation of hyphal length of the mycorrhizal fungi with aggregate stability was reported [Bearden and Petersen, 2000] , which might be attributable to the hyphal enmeshment and entanglement of soil particles [Tisdall and Oades, 1982; Tisdall et al., 2012] . However, in contrast to the latter studies Journal of Geophysical Research: Biogeosciences 10.1002/2016JG003422 conducted on fine-grained substrates, we assessed soil aggregate stability in alpine Leptosols, where primary particles commonly exceed 2 mm.
The coherent decrease of ASC and RLD at the end of the second growing season seems to be climatically controlled. This assumption is supported by field measurements, showing low soil temperatures and more dry soil conditions during the dormant period 2010/2011 (Figure 2) . Comparable relations between root growth/development and (soil) climate were discussed in several studies [e.g., Pregitzer et al., 2000; AlvarezUria and Körner, 2007; Mao et al., 2013a Mao et al., , 2013b . Both the coherent decrease of ASC and RLD (Figures 4a  and 4b ) and the significant relationship between ASC and RLD suggest (Figure 5a ) that RLD is crucial for the formation of water-stable aggregates in our experiment. This may partly result from the fact that the mycorrhizal hyphae do not produce enough mechanical force to bind the large soil particles of coarsegrained soil together, whereas the fine roots do. Linear mixed effect modeling revealed that only the very fine roots were significantly important for binding the soil particles together (Table 4) . As evidenced by the positive correlation between MRD and ASC (Figure 5b ), within that class thicker roots are more influential. Hence, we assume that MRD does not have a significant influence on the improvement of ASC, when exceeding a certain threshold of approximately 0.5 mm.
Clay and silt are also well known to promote the formation of water-stable aggregates, whereas sand and gravel favor disaggregation [e.g., Tisdall and Oades, 1982; Amezketa, 1999; Pohl et al., 2009] . Applying a structural equation modeling approach, which was based on data of 27 grasslands, it was shown that biotic factors are less important than abiotic factors, like soil texture [Barto et al., 2010] . Since the quantity of fine soil particles in the analyzed soil samples is low (Table 1) , we assume that in coarse-grained, alpine Leptosols biotic parameters gain in importance regarding soil aggregation with increasing time after the establishment of a vegetation cover.
Effectiveness of the Inoculation and the Potential Influence of Actinomycetae
Mycorrhizal inoculation was used as a factorial variable in the applied statistical analysis. In degraded environments mycorrhizae are mostly absent [Smith and Read, 2008] and the mycorrhizae infection potential is drastically reduced in disturbed systems [Biondini et al., 1985] . At the Patjänja Rüfe a humus-accumulated topsoil horizon, where active mycorrhizal propagules are usually located [Amaranthus and Trappe, 1993] , is absent and the corresponding host plants are missing. Consequently, it can be assumed that the presence or preexistence of mycorrhizae was negligibly small [Parke et al., 1984] . The INOQ Forst inoculum used in the present study was developed for forest applications including restoration (INOQ GmbH, 2014, www. inoq.de/downloads/Forest_e.pdf). The company tested the product to guarantee its quality, which included tests on mycorrhizal fungi species to inspect their effectiveness. Thus, based on the literature and the fact that the mycorrhizal inoculum forms a symbiotic mutualism with the plants of the assortment used, we assume that the mycorrhizal inoculum infected the plant roots without directly controlling this effect.
Besides mycorrhizae, soil bacteria play an important role to determine soil properties. The soil cores used in this study were taken uphill a green alder. Alders are, in general, infected by both mycorrhizae and actinomycetae. Many alder species form a symbiosis with the N 2 -fixing actinomycete Frankia and also with several ectomycorrhizae and arbuscular mycorrhizae [e.g., Monzón and Azcón, 2001; Isopi et al., 1994] . However, the natural symbiosis with Frankia is in the same way possible at the noninoculated site within our experiment. Within a glasshouse experiment, Frei [2009] demonstrated that the infection rates of inoculated and noninoculated alder root nodules by actinomycete Frankia were the same. Hence, we can assume that the results revealed in our field experiment are due to the mycorrhizal inoculation. Furthermore, the quantified root development and aggregation is influenced not only by the appendant green alder but also by the surrounding inoculated species.
Conclusions and Outlook
The establishment of hedge layers on a steep vegetation-free slope with coarse-grained Leptosols increased aggregate stability significantly. Inoculation with mycorrhizae did not accelerate the positive hedge layer effect on aggregate stability until the end of the first growing season but had promoted aggregate stability significantly at the end of the third growing season. Plant survival was significantly improved by Journal of Geophysical Research: Biogeosciences 10.1002/2016JG003422 inoculation with mycorrhiza and was approximately twice the rate at the nonmycorrhizally treated site. Fine root development was stimulated by inoculation, but not immediately. At the end of the third growing season, there was a tendency to higher RLD and a significant larger MRD at the inoculated site. RLD and ASC were correlated positively, and the very fine roots were most influential. A positive correlation between MRD and ASC indicates that roots having a larger MRD are more influential within the class of the very fine roots.
The application of a commercial mycorrhizal inoculum is a valuable promoter in mitigating slope instability and surface erosion and hence in protecting slopes against superficial slope failures. The temporal offset in the results between laboratory and field experiments underlines the importance of environmental field monitoring.
